Available online at www.sciencedirect.com

. c d oye THE jOURNAI; OF.
CIEN EC DIRECT Supﬁicr;tldcal
ulas

www.elsevier.com/locate/supflu

AL S »7.,
ELSEVIER J. of Supercritical Fluids 33 (2005) 209—222

Isochoric heat capacity measurements for @ €@-decane mixture
in the near-critical and supercritical regions

Nikolai G. Polikhronid?, Rabiyat G. Batyrov llmutdin M. Abdulagato?*,
Joseph W. Magée Genadii V. Stepandv

2 |nstitute of Physics of the Dagestan Scientific Center of the Russian Academy of Sciences, Makhachkala, Russia
b physical and Chemical Properties Division, National Institute of Standards and Technology, 325 Broadway, Boulder, CO 80305, USA

Received 27 January 2004; accepted 30 August 2004

Abstract

The isochoric heat capacity of a (0.7367 mole fraction),@(@®.2633 mole fractionp-decane mixture was measured in a range of
temperatures from 362 to 577 K, at nine near-critical liquid and vapor densities between 298 and 52 bigising a high-temperature,
high-pressure, nearly constant volume adiabatic calorimeter. The measurements were performed in both one- and two-phase regions including
the vapor + liquid coexistence curve. Uncertainties of the heat capacity measurements are estimated to be 2% (in this work we use a coverage
factork=2). The uncertainty in temperature is 10 mK and that for density measurements is 0.15%. The liquid and vapdy, 0a&; X
and two-phase((,,, C\;,) isochoric heat capacities, temperaturgg @nd densitiesds) at saturation were extracted from the experimental
data for each filling density. The critical temperatufie € 509.714 0.2 K), the critical density 4c =344.7+5kgnT3), and the critical
pressureRc =15.37+ 0.5 MPa) for the (0.7367 mole fraction) G® (0.2633 mole fraction)-decane mixture were extracted from isochoric
heat capacity measurements using the well-established method of quasi-static thermograms. The observed isochoric heat capacity along the
critical isochore of the C@+ n-decane mixture exhibits a renormalization of the critical behavi@\ofinlike that of the pure components.

The ranges of conditions were defined, on Tha& plane for the critical isochore and thex plane for the critical isotherm, for which we
observed renormalization of the critical behavior for isochoric heat capacity. The Krichevskii parameter for this mixture was calculated by
using the critical loci for the mixture and vapor pressure data for the pure solven}, (@@ the results are compared with published values.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction for a number of technological applications including coal
conversion, organic synthesis, destructive oxidation of haz-
Industry continues to widely exploit the anomalous prop- ardous wastes (SCWO processes), enhanced oil recovery, ac-
erties of supercritical fluid§1—-3]. Supercritical fluids are  tivated carbon regeneration, formation of inorganic films and
of fundamental importance in geology and mineralogy (for powders, supercritical chromatography, organic reaction rate
hydrothermal synthesis), in chemistry, in the oil and gas modification and precipitation polymerizati¢t3]. Super-
industries, and for some new separation techniques, especeritical carbon dioxide is widely used as a solvent in super-
cially in supercritical fluid extraction. Supercritical fluids critical fluid extractions and supercritical fluid chromatogra-
have also been proposed as a solvent or reaction mediunphy [4—7]. A supercritical carbon dioxide solvent has been
proposed for a number of separation and reaction processes
* Contribution of the National Institute of Standards and Technology, not [7.8]. . . ! o
subject to copyright in the United State. The thermodynamm properties of G®n-decane mix
* Corresponding author. Tel.: +1 303 497 4027; fax: +1 303 497 5224. tures are of interest to the petroleum and natural gas industry,
E-mail addressilmutdin@boulder.nist.gov (I.M. Abdulagatov). primarily because of the growing interest in the extraction
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of viscous, low volatility compounds with supercritical gO  state. Thus, in this work we rep@t,VTxproperties of a mix-
in tertiary oil recovery and new separation techniques. Near- ture of (0.7367 mole fraction) COr (0.2633 mole fraction)
critical and supercritical carbon dioxide has been used as an-decane measured using a high-temperature, high-pressure,
miscible flooding agent that promotes miscible displacement nearly constant-volume adiabatic calorimeter in the temper-
of hydrocarbons from underground reservf®s Toimprove ature range between 362 and 577 K and the density range
our understanding of the mechanism of the process of mis-from 298 to 521 kgm?. Previously, we reported the iso-
cible displacement of reservoir oils by carbon dioxide injec- choric heat capacity of the pure components,GD4,15]
tion (oil recovery enhancement) and control those processesand n-decang[16] in the near-critical and supercritical re-
a better knowledge of model systems would be helpful. Since gions. The same apparatus was used to medsurfer the
n-decane is atypical component of petroleum, and is available CO, + n-decane mixture. Prior to this work, thermodynamic
as a high-purity ambient-temperature liquid, it makes a good properties of CQ+n-decane mixtures have been reported
choice for a model system. Precise measurements are needegd 7—23] Table 1shows the available thermodynamic data sets
to establish the behavior of the thermodynamic properties of for CO, + n-decane mixtures. In this table, the first author and
CO, +n-decane mixtures. Although our understanding of the the year published are given together with the method em-
thermodynamic properties of G@nd binary (CQ + solute) ployed, the uncertainty indicated by the authors, and the tem-
systems at ambient conditions has improved significantly, it perature, pressure, and concentration ranges. As expected, ex-
is far from sufficient to accurately predict the behavior of perimental isochoric heat capacity data for £h-decane
(COy + solute) systems for the near-critical and supercritical mixtures were not available in the literature. Most of the
conditions that are currently of great scientific and practi- available PVTx and VLE data cover only limited ranges
cal interest. Therefore, to use supercritical&ectively, it of temperature, pressure, and concentration. Thus, the pri-
will be necessary to know the thermodynamic properties of mary objective of this work was to expand the existing ther-
CO;, + solute mixtures at supercritical conditions. modynamic database for the @®n-decane mixtures. The

In addition, an important theoretical question is centered available experimental critical curve data sets are given in
upon near-critical and supercritical phenomena in systemsTable 2 A brief synopsis of the different data sets is given
for which one of the components is near its critical point below.
[10-12] For example, there is great theoretical interest in  Nagarajan and Robinsofil8] reported experimental
negatively or positively diverging solute partial molar proper- vapor-liquid equilibrium phase compositions and phase den-
ties (V5°, H3°, C3y) intheimmediate vicinity of the solvent’s  sities (o5, pg) for the CG +n-decane mixtures at two tem-
critical point and path-dependence of the solvent properties peratures of 344.3 and 377.6 K and at pressures to the criti-
in near-critical systempl0-12] The critical region behav-  cal point. The phase compositions are in excellent agreement
ior of CO, + n-decane mixtures is also of theoretical interest, with the data reported by Reamer and Sddé, however, the
for example, to determine howdecane molecules affectthe phase densities exhibit significant differences. In this case,
critical region behavior of carbon dioxide or to examine con- the values of the critical density reported by Nagarajan and
sequences of the isomorphism principle on the critical region Robinson[18] are substantially higher than values reported
behavior of CQ +n-decane mixtures. The shape of the crit- by Reamer and Sag&7].
ical locus curve is of great importance for studying the real  Recently Shaver et dR1] reported liquid and vapor equi-
critical behavior of mixtures, since the shape of the critical librium phase compositions, phase densities, and interface
locus is very sensitive to differences in molecular size and in- tensions for the C&+ n-decane mixtures at 344.3K. By us-
teractions of the components. Binary mixtures of Giith ing an extrapolation technique, they derived the values of
n-alkanes belong to three different types in the well-known the critical parameters¢, Pc, andpc) for the composition
classification by van Konynenburg and Scfi8]. In this x=0.065 mol fraction of CQ. The phase densities measured
scheme, the systems G®(C, to C;) are type |, CQ+n-Cg by Shaver et al[21] and those of Nagarajan and Robinson
is type I, and CQ+n-Cyg is type lll. This illustrates the  [18] show excellent agreement. However, fairly large dis-
possible complexity that can be observed experimentally for agreement exists between these two data sets and the data
binary mixtures of this class. of Reamer and Sagéd7]. The liquid densities reported by

Published measurements of the thermodynamic proper-Shaver et al[21] are lower than those of Reamer and Sage
ties of CQ +n-decane are scarce. Furthermore, reports of [17] with the largest differences near the critical point. The
caloric properties, in particular the isochoric heat capacity liquid compositions reported by Shaver et[@ll] agree with
of CO, +n-decane mixtures, are unknown. Thus, the main all of the published data sets within 0.005 mole fraction,CO
objective of this work is to provide new reliable experimen- except those of Chou et 422]. The vapor phase composi-
tal isochoric heat capacity data for @®n-decane mixtures  tions reported by Shaver et §21] are in good agreement
in the critical and supercritical regions. Due to a scarcity of with those of Nagarajan and Robing{d8] at low pressures,
experimental PVTxandCyVTX data, it is not yet possible  but differences near the critical point are about 0.006 mole
to understand the effect of the solvent’s critical region prop- fraction CQ. The critical pressure reported by Shaver et al.
erties on the thermodynamic behavior of a 3h-decane [21] (Pc=12.714 MPa) is in good agreement with the value
mixture or to develop an accurate scaling type equation of (Pc=12.741 MPa) derived by Nagarajan and Robindj
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Table 1

Summary of the thermodynamic property measurements fer#3@decane mixtures

First author Year Method Property Uncertainty Temperature (K) Pressure (MPa) Concentration
(mole fraction)

Reame(17] 1963 VVP VLE (PTX PVTx 0.01% e), 278-510 up to 19 0-1

0.05K, 0.0039
m.f., 0.15-0.30%
)

Nagarajar18] 1986 VTD VLE (PTX) (05, p& 0.5kgnT3, 344.3 and 377.6 up tBc 0.13-0.93
0.014 MPa

Polikhronidi[20] 1997 HTHPAC PVTx 0.02MPa, 0.01K, 290-570 up to 25 0.178
0.05% (o)

Shavei21] 2001 HPEC VLE (PTX (0s. p3) +1.0kgnt3, 344.3 up to 35 0.108-0.935
+0.014 MPa,
+0.06 K, £0.003
m.f.

Chou[22] 1990 SEA VLE (PTY 0.2K, 290.25 and 377.55 4.1-15.5 0.315-0.999
0.2-0.5MPa,
0.002—-0.005 m.f.

Bufkin [23] 1986 - Solubility - - 1.3-8.6 -

HPEC, high pressure equilibrium cell; HTHPAC, high temperature, high pressure adiabatic calorimeter; SEA, static equilibrium apparatusab¥P, var
volume piezometer; VTD, vibration U-tube densimeter; n.a., no uncertainty given in source reference.

but disagrees with the valu®¢ =12.824 MPa) reported by  sity p=m/V (P, T) is about 0.15%. The heat capacity was

Reamer and Sagé7]. obtained from measurements of the following quantitias:
mass of the fluidAQ, electrical energy released by the inner
heater; AT, temperature rise resulting from addition of an

2. Experimental energyAQ; andCy is the empty calorimeter heat capacity.
The thermometer was calibrated on the ITS-90 scale. The
The apparatus used for tigx measurements of GG n- uncertainty of temperature measurements is 10 mK. A de-

decane mixtures has been described previdizely30]and tailed uncertainty analysis of the method (all of the measured
was used without modification. Since the construction of the quantities and corrections) is given in several previous papers
calorimeter and the experimental procedures has been def24-30] In earlier work, Polikhronidi et al[29] reported
scribed in detail in several previous publicatid24—30] the heat capacity of the empty calorime@y, determined
they will only be briefly reviewed here. The isochoric heat by using a reference substance (helium-4) with well-known
capacities were measured with a high-temperature, high-isobaric heat capacities (Vargaf{82]), over a temperature
pressure, adiabatic, and nearly constant-volume calorimeteryange up to 1000K at pressures up to 20 MPa. The uncer-
which offers an expanded uncertainky(2) of 2% ofthe heat  tainty in theCp data used for calibration @ is 0.2%[32].
capacity. The volume of the calorimeter, 105.426.13 cn¥ A small energy correction related to the stretching of the cell
at atmospheric pressure and 297.15K, is well-known as aduring heating was determined with an uncertainty of about
function of temperature and pressure. The calorimeter vol- 4.0-9.5% of the correction, depending on the density. The ab-
ume was determined by using measuP& data for a stan-  solute uncertainty i€y due to departures from full adiabatic
dard fluid (pure water) with well-knowRVT values calcu-  control is 0.013kJK!. The combined standard uncertainty
lated with the IAPWS formulatiofi31]. Our uncertainty in related to the indirect character of tBg measurements did
the determination of volume at aflyandP is about 0.13%.  notexceed 0.16%. Based on a detailed analysis of all sources
The mass of the sample was measured by using a weighingof uncertainties likely to affect the determination@y with
method with an uncertainty of 0.05mg (or 0.005%). There- the present system, the combined expanded2) uncer-
fore, the maximum uncertainty in the measurements of den- tainty of measured heat capacity is 2%.

Table 2

Summary of the critical property measurements fon,@@-decane mixtures

First author Property Uncertainty T Uncertainty inPc Uncertainty inpc Concentration range
measurements (K) measurements (MPa) measurements (kgm) (mole fraction)

Reame(17] Te, pc, Pc n.a. n.a. n.a. 0-1

Nagarajari18] Te, pc, Pc n.a. n.a. n.a. 0.930, 0.895

Gulari[19] Te, pc, Pc +(0.02-0.03) n.a. n.a. 0.004-0.028

Polikhronidi[20] Te, pc, Pc +0.2 +0.5 +5 0.178

Shaver{21] Te, pc, Pc n.a. n.a. n.a. 0.935

Gurdial[50] Te, Pc +0.2 +0.05 - 0.003-0.023
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Heat capacity was measured as a function of tempera-Table 3

ture at nearly constant density. The calorimeter was filled Experimental values of the one-phase and two-phase isochoric heat capaci-

at room temperature, sealed off, and heated along a quasi-“es of the CQ +n-decane mixture at near-critical densities

isochore. Each run for the heat capacity was normally startedT (K) Cux (kIkg*K™)
in the two-phase region and completed in the one-phase re-»=520.6 kgnt®
gion at its highest temperature or pressure. This method en- 372.127 26
ables one to determine, with a good accuracy, the transition ggg'ggg gg
temperaturds of the system from the two-phase to asingle- 405 407 M3
phase state (i.e., to determifigandps data corresponding to 416.643 %1
the phase-coexistence curve), the jump in the heat capacity 429.771 o4
ACy, as well as reliableCy data in the single- and two- 443.068 104
phase regionf28,33,34] The technique used to determine jjg'ggg g;
the Ts and ps at the coexistence curve and of measuring 445 317 1012
the heat capacitZy at this curve is the method of quasi- 452532 10.22
static thermograms as described in detail in our previous 452.532 8.74
paperg28,33,34] The method of quasi-static thermograms ~ 453.931 87
makes it possible to obtain reliable phase transition tempera- 322'2% gi
tures, including a critical temperature, with an uncertainty of 455 516 &7
0.01-0.02K. _ 3
To check the method and confirm the reliability of phase ” ;ﬁ%gggm @1
transitions and critical point parameters by means of the 395503 al7
guasi-static thermogram technique, phase transition temper- 419.373 %2
ature measurements were made on pure distilled water in 443.270 w7
our previous study30] with the same apparatus. We re- 331'%3 1072
ported measured values of a phase transition temperature ,-5",; 1%4
Ts=647.104+ 0.003 K (run-l) andTs=647.109+0.003 475.099 1100
(run-2) for a near-critical filling density of 321.96 kgTh 475.099 a3
which are both in very close agreement with the critical tem- ~ 476.942 08
peratureTc = 647.096 K adopted by the IAPWS-95 standard 477523 890
. 479.381 9
formulation[31]. An agreement for the two measurements of ;5 '~-; 89
8 and 13 mK is within our estimated uncertainty and helpsto  479.072 w1
confirm the reliability of the quasi-static thermogram tech-  495.902 %9
nique to determine phase transition temperatures for pure 514.066 26
fluids and mixtures. p=409.8kgnT3
362.638 85
475.361 115
; : 485.424 1171
3. Results and discussion 486,670 1179
487.818 1186
Measurements of the isochoric heat capacity for a 489.249 1203
CO, +n-decane mixture X=0.2633 mole fraction ofn- 490.203 1204
decane) were carried out on nine filling densities: (liquid) — 490-584 128
358.9, 372.8, 409.8, 466.9, and 520.6 kgin(vapor) 298.7, PRk 2
312.6, 328.9kg m?; and (critical) 344.7 kg m3. The exper- 491.155 o1
imental temperature range was 362-577 K. In total, @6 492.107 @1
measurements are reported for the one- and two-phase re- 493.057 %84
gions inTable 3 On the coexistence curve, a total of 18 values jgg-gig g;

of Cyx andTs were measured close to the critical point (see
Table 4. The experimental one-phase liqudf ) and vapor p=372.8kgm?

(CY,), two-phase liquid?,,) and vapor (),) data, and the j;?-??g igfli
values of temperaturd §) and density fs) at saturation are 487 530 173
also presented ifiable 4 493.437 15

Figs. 1 and Aepict the temperature dependence of the 499.304 1268
measured values of isochoric heat capacities for the-0®© 500.057 1270
decane mixture. As shown in these figures, for each iso- ggg'ggi igg
chore, the heat capaciGyx rises with temperature increas- 501 187 1296

ing to a maximum at the phase transition temperafige
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Table 3 Continued Table 3 Continued

T(K) Cvx (kJkgtK™1) T(K) Cux (kJkg1K™1)
501.187 1066 522.565 1048
501.563 1061 531.529 1042
501.939 1044 539.873 1380
502.127 1042 550.661 1@3
502.315 1048 560.819 1380
507.000 1019 567.900 118
510.451 1010

p=312.6kgnr3

520.725 1a15 494,955 1237

p=358.9kgnt3 504.567 1279
475.779 1129 505.129 1285
484.081 1165 513.518 1344
495.144 1213 515.002 154
503.066 120 515.186 1%7
503.816 1297 516.944 1383
504.379 1308 517.591 1383
504.942 1220 518.145 1405
505.316 1336 518.698 107
505.316 1101 519.344 1434
505.460 189 519.344 1121
506.054 1078 521.186 1073
506.252 1068 520.910 112
509.426 107 531.711 1073
510.078 1®@5 541.498 1046
513.889 1®5 550.302 1048
525.868 1a0 559.932 1048
537.340 07 568.608 166

p=344.7kgm3 576.966 1060
485.807 1172 0=298.7kgnr3
495.144 1218 494575 150
504.379 1279 505.877 1302
506.252 1300 513.704 1342
507.747 121 522.197 1413
508.951 134 522.749 1430
509.352 1352 524.034 148
509.560 1378 524.584 148
509.705 137 525.685 1499
509.705 1143 525.685 17z
509.799 1134 526.051 112
509.892 1129 526.600 108
509.985 1123 546.358 1079
510.171 1ns 556.264 1383
510.357 1008 566.663 1083
510.710 105

x = 0.2633 mole fraction ofi-decane.

511.960 1076 @ One- and two-phase saturation points.

519.805 1083

530.529 11 Table 4

542.400 1as5 Experimental values of the isochoric heat capaciti&s, ( C7,,), tempera-

554.056 1as tures (Ts), and densitiesds) of the CQ + n-decane mixture on the saturation
p=328.9kg > boundary

507.000 1674 Ts (K) ps (kgm3) ¢ (KIkgTK™Y) ¢, (kIkgTKTY)

282'?38 gg 452,53 520.6 g4 10.22

213147 154 475.10 466.9 a3 11.00

513.332 152 490.87 409.8 96 12.11

213708 ppiy 501.19 372.8 166 12.96

o4 960 101 505.32 358.9 101 13.36

o4 945 ppsien 509.71(cr)  344.7 (cr.) 143 13.87

514.445 1125 Ts (K) % (kgm3) C{y (KIKg LKD) C{y (KIKg LKD)

515.001 109 51445  328.9 125 13.95

515.371 1006 519.34  312.6 121 14.34

515.927 104 525.69  298.7 117 14.99

516.297 1089

522.014 1045 x=0.2633 mole fraction ofi-decane.
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14 x=0.2633 mole fraction CO, + n-Decane

466.9 kg-m3
409.8 kg-m3
520.6 kg-m3
372.8 kg-m™S
358.9 kg-m™

pOC OO

Coo K kg 'K
o

7
355 385 415 445 475 505 535 565
TK

Fig. 1. Experimental one- and two-phase isochoric heat capacities of the ©&ecane as a function of temperature on near-critical liquid isochores. Dashed
lines are isochoric heat capacity jumps at the phase transition temperatures for each density.

and then drops discontinuously to a value corresponding toties (Ts, ps, Cy1, andCy2) near the critical point and, as
that of the one-phase region. By changing the amount of a result, the values of the critical propertids( oc) of the
sample in the calorimeter, it is possible to obtain a com- mixture. The isochoric heat capacities of pure components
plete set ofCy1 and Cy2 at saturation temperatures. As (CO, andn-decane) near the critical point were previously
Figs. 1 and 2show, along each isochor€yx exhibits a reported by Abdulagatov et ¢l.4,15]and Amirkhanov et al.
jump at the transition from a two-phase state (left of phase [16]. The specific volume dependence of the two-phase iso-
transition temperaturés) to a homogeneous one-phase state choric heat capacities of the G®n-decane mixture along
(right of phase transition temperatufe). Each jump mea-  various near-critical isotherms is shown fing. 3 together
surement (seE€igs. 1 and 2is one point on the two dimen-  with values ofCyx on the coexistence curve. In contrast to
sional Ts—ps phase boundary plane and supplies values for the linear behavior observed for every pure fluid, the two-
oneCy1 and two-phase€Cy, heat capacities at this condi- phase isothermdlyx—V dependence for the binary mixture
tion (at saturation temperatufgs). Thus, theCyx exper- CO, +n-decane was observed to be a non-linear function
iment provides useful information about saturated proper- of V.

CO, + n-Decane

15

14— x=0.2633 mole fraction

o 312.6 kg-m?
o 328.9 kg-m3
o 298.7 kg-m3

13

C,,, kd-kg1-K™

12~

11

9
490 505 520 535 550 565 580
T, K

Fig. 2. Experimental one- and two-phase isochoric heat capacities of the E@ecane as a function of temperature on near-critical vapor isochores. The
solid lines are guides for the eye. Dashed lines are isochoric heat capacity jumps at the phase transition temperatures for each density.
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CO, + n-Decane

15~ X
X C,xat saturation Lo
B . 393.15 K .
o 475.15 K CcP e l
14— [ ] 483.15 K —e X
o 493.15 K
r A 508.15K e
N CP (critical point) X
131 _,—’A\.\‘\_-—/‘_/‘

C., kJ-kgt-K?

V,=2.901 cm3g™

| I | | | I | I | I
1.5 1.8 2.1 2.4 2.7 3.0 3.3

V, ecm3.g™’

Fig. 3. Experimental two-phase isochoric heat capacities of thetG@lecane as a function of specific volume on near-critical isotherms. The solid lines are
guides for the eye. Dashed line is the saturation curve.

Fig. 4illustrates the temperature dependence of the lig- change of slope (break point). At this break point, the liquid
uid and vapor one- and two-phase isochoric heat capacityand vapor become identical, providing the temperature, den-
of the CG +n-decane mixture at saturation near the criti- sity, and concentrations of the critical parameters of the mix-
cal point. As shown irig. 4, which depicts the temperature  tyre. From our experiment@l/x and Ts—ps) measurements
dependence of the one-pha&k/{-T curve) and two-phase  on the coexistence curve for G®n-decane mixtures, we
(Cv2—T curve) at saturation, a break point (liquid-vapor criti- have deduced the values for the critical temperaTigrand
cal point) was observed for the mixture. Itis shown that while the critical densitypc. Our results ar@c =509.71+ 0.2 K,

Cv1 andCy2 monotonically increases with temperature upto  P-=15.37+0.5MPa, andpc=344.7+5kgn 3, which
the critical point, an abrupt change of the slope is observed atare in fair agreement with those daffic=510.01K,
the break point. At the transition from the liquid densities to P =15.66 MPa, angc = 353.1 kg n2 reported by Reamer
those of the vapor, both tf@®,,-T andCy,—T curves have a  and Sag§l7] (seeFigs. 5] at nearly the same composition.

CO, + n-Decane x=0.2633 mol fraction
15 - P
---8--- Cig a
- R ™
cocliena vasZ ”J:!-
o-O--- C“vsz /‘.’
- 131 Ly
- L .
> .
S o
e Pies LAl TR
< - - - ore
g T e
o e L
- “’—’
e
o e
®-omomt T,=509.71 K
7 1 | 1 | 1 | 1 | L | | L
440 455 470 485 500 515 530
T, K

Fig. 4. Experimental values of liquid and vapor one-pha&&g (CY);) and two-phase(,,, Cy;,) isochoric heat capacities on the coexistence curve as a function
of temperature near the critical point. The dashed lines are guides for the eye.



216

)

575

515

455

395

275

N.G. Polikhronidi et al. / J. of Supercritical Fluids 33 (2005) 209-222

CO, + n-decane

EODODK»ee

Gulari etal.[19]

Nagarajan and Robinson [18]
This work

Reamer and Sage [17]
Gurdial et al. [50]

Shaver etal.[21]

Polikhronidi et al. [51]

0.40

0.55 0.70

x, mole fraction n-C,3H;»

Fig. 5. The critical temperatures of G®n-decane mixtures as a function of concentration. The solid lines are guides for the eye.

Figs. 5—7show the present critical data and the curies,
Pc—x, andpc—X) data for CQ +n-decane mixtures reported
previously by various authors. THe—Pc critical locus for
CO, + n-decane mixtures together with vapor pressure curves pressure reported by Reamer and Sdgé and the present
for the pure components are depicted=ig. 8. As one can

see, the consistency between this work and published mea-

between the critical density reported by Reamer and Sage
[17] and the present result for 0.2633 mole fraction. Satis-
factory agreement of 1.9% was found between the critical

result.
In this work, closely spaced measurements were made in

surements of the critical parameters is good, except a few datahe critical region and near every phase transition point, pro-
points reported by Reamer and S§t#] for the critical den-

sities at low concentrations nfdecane. For a composition of
0.2633 mole fraction afi-decane, the difference between the and densities near the critical poiriigs. 9 and 10show
present critical temperature and the data reported by Reamethe measured vapor—liquid coexistence cufive-ps) for the

and Saggl7] is 0.3 K, an amount that is very close to their

viding essential information for an accurate determination of
both the critical parameters and for saturated temperatures

CO», +n-decane mixture which were determined fr&yx

uncertainty. Satisfactory agreement within 2.4% was found experiments by using the method of quasi-static thermograms

P., MPa

1 1 1 1 1 1

CO, + n-decane

Gulari etal.[19]
Nagarajan and Robinson [18]
This work

Reamer and Sage [17]
Gurdial et al. [50]
Shaver et al. [21]
Polikhronidi et al [51]

EODOD»ee

1 1 1 1 1 1 1 J

0.10 0.25 0.40

0.55 0.70

x, mole fraction n-C,yH,,

Fig. 6. The critical pressures of G@ n-decane mixtures as a function of concentration. The dashed lines are guides for 5 eye
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CO, + n-Decane

625 [ -
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L , ot
y e e Gularietal.[19]
575 + Nagarajan and Robinson [18]
| b4 .‘x‘ 4 This work
. o o Reamerand Sage [17]
= O Shaveretal. [21]
525 m  Polikhronidi et al. [51]

475

oo kg

425

375

325 -
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0.00 0.05 0.10 0.15 0.20 0.25 0.3

x, mole fraction n-C,yH,,
Fig. 7. The critical densities of GOr n-decane mixtures as a function of concentration. The dashed lines are guides for the eye.

[28,33] along with the vapor—liquid coexistence curves of critical point for this mixture does not coincide with the max-
both pure components near the critical point calculated with imum temperature pointgTs/dps)x # 0, of the liquid—vapor

the Lemmon and Spd35] (n-decane) and Span and Wag- coexistence curve. This is why few investigations report this
ner[36] and (CQ) multiparameter equations of state. As one anomalous behavior, which has been discussed from a theo-
can see fronfig. 10 the shape of the liquid—vapor coexis- retical perspective by Rainwatg7].

tence curve near the critical point for mixture is a dramatic ~ AsFigs. 9 and 1@8how, the agreement between the present
change from the flat top of the dome seen for pure fluids. and published data is satisfactory, with deviations within
Additional information given irFigs. 9 and 1@re the loci of 0.07-0.17%.

critical points. A very small, but noticeable, anomaly of the Comprehensive studies of the consequences of the isomor-
liquid—vapor coexistence curve can be seen near the criticalphism principle on the critical behavior of mixtures have been
pointin theTs—ps plane (se&ig. 9) that would be difficult to presented by Anisimov and coworkéB8—41] According to
detect by means &fVTxexperiments alone. The shape ofthe the isomorphism principle, near-critical behavior of binary
liquid—vapor coexistence curve near the critical point has two fluids is controlled by two characteristic paramet€fsand

inflection points, which bracket the critical poifg7]. The K2, which are determined by the slope of the critical locus.
21
19 o Ol
| - r~.,Q)‘~
i &
16 Y
- b\
13+ ﬁ/ CO, + n-Decane ; .
© ’ \
o L ’ EX
= k
o e Gularietal. [19] e
* Nagarajan and Robinson [18] .
A Thiswork e}
O  Reamerand Sage [17] Y
---- Critical locus Q
—— Vapor pressure curves \
A Gurdial et al. [50] b
O  Shaveretal. [21] k%
[ ] Polikhronidi et al. [51] e}
/’/‘c CcP2
_2 L 1 L Il L Il I L I 1 I 1 L 1 L Il L
220 270 320 370 420 470 520 570 620
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Fig. 8. The critical locus of C@+ n-decane mixture together with vapor pressure curves for the pure components. The dashed lines are guides for the eye.
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Q.
520 [~ D‘a.g CO, + n-Decane
AN x=0.2633 molefraction
- ..
e,
470 RN
e
- “.‘\
420 [ S
X
X e
~ 370
B O This work (COz + n-CyoHz2) .
X Critical point (this work)
320 ° Reamer and Sage [17] .
Ao Nagarajan and Robinson [18] ‘e,
[m] Shaver etal. [21] *
270 | | | | | | | | | | hd |
270 350 430 510 590 670 750 830

pkg-m3
Fig. 9. The experimental liquid and vapor densities at saturation fer#@decane fronCyx experiments (quasi-static thermogram technique).

The paramete; is responsible for strongly divergent prop- [45]. In the dilute solution limit x— 0), the expression be-
erties such as the isothermal compressibKityand isobaric tween the brackets in E€}L) for K1 reduces to the Krichevskii
heat capacitLp, while the parametd{, controls the weakly =~ parameteKy, [43,46,47]

divergent properties like the isochoric heat capa€iyyand

defines the range of Fisher renormalization of the critical ex- i P\€
ponentg42]. The parameter&; andK» are defined43] by: Kir = XILnO x Vel
cic
Kl:x(l—x) |:dPC_(£>C dEj| (1) (a_P)C _(%)C B (d_Ps)C <%)C (7)
pcRTc | dr O /) pmpe ¥ W/ vere ax / cre dT" Jexc\ 9% /cre
and
x(1 — x) dT,
K> = ( T )d_C (2) /""v A\\ \ 0 Polikhronid et al. [51] (x=0.095 mole frac.)
c X ll‘ \ ‘\\ ~— CO,(Span and Wagner [36])
H Toti H i \ A == n-C,oH,, (Lemmon and Span [35])
Correspondingly, two chargct_erlstlc t_emperature clﬁferences 550k ¢ LY o e s mory g
71 andzz and two characteristic density differena®g; and ! T\ \_\ 4 Reamer and Sage [17] (critical curve)
AEZ are deflned througKl and Kz : I]‘ ‘\‘ 0 this work (x=0.2633 mole fraction)
1y |
+ 12 |
wo [ R -
x(1—x)
x
1/« F
+ 12
o = Aoky , 4)
x(1—x) 350r
Apy = Bot? 5
p1 = Boty, ®)
and 250
Apo = Bo‘l,'g, (6)
where t=(Tc —T)/Tc and Ap=(pc — p)/pc. For CQ,
the asymptotic critical amplitudept4] are A{ = 26.36, 150———— L L
~ ; , ) 0 150 300 450 600 750 900
Bp=1.708, and;" = 0.056 of the power laws for isochoric o, kgm-3

heat capacity, the coexistence curve, and the isothermal com-
pressibility, respectively, and the universal critical exponents rig. 10. The coexistence curves for £€n-decane mixtures and their pure
for Cy aree =0.112 and for the coexistence cuge 0.325 components. The dashed lines are guides for the eye.
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Furuya and Teja [49]
Roth [48]

XOoenm

-50 [-

-100 [~

Ki.MPa

-150 -

-200 [~

-250 [~

1 L 1 L 1 i 1 I 1 L 1 L 1 L J

5 10 15 20 25 30 35 40
n, carbon number of solute

-300
0

Fig. 11. The Krichevskii parameters of G®n-alkane mixtures as a function of solute carbon number. The solid line is guides for tfE2gye

or, equivalently figure shows, the present result for the £€h-decane mix-
ture is consistent with the data reported by Rd#] for other
<3_P>C _ (%)C 3 (%)C (%)C CO;, +n-alkane mixtures, while the data reported by Furuya
ax Jyere | \dTc/ cre dT Jexe | \ dx Jcrl’ and Tejg49] are systematically higher.

According isomorphism principlg8-42] along the crit-
o - ical isochore in the one-phase region, all properties of a bi-
where values of the initial critical locus slopes for the nary fluid mixture will exhibit the same behavior as those of

CO;, + n-decane mixture at infinite dilutionx 0) were de- a pure fluid in a range of temperatures> 71 and > 7.
termined from the present and published (Reamer and Sagent ¢, <t <74, properties that exhibit strong singularities in
[17], Nagarajan and Robinsda8] and Gulari et al[19]) one-component fluids (associated with the critical exponent
critical curve data to be %t/dx|x—.0=1274.53+ 10K, ) will reach a plateau, however, weakly singular proper-
dPc/dx|x—0=126.2£3MPa, and  {Pc/dTc)r, = ties (associated with the critical exponentwill continue

0.1126 MPaK™. In order to calculate the values of to grow. Att<ry, those properties that diverge weakly in
d7c/dx|x—o and dPc/dx|x—o the present and published one-component fluids will be saturated and all critical expo-
experimental critical curve data for G@n-decane mix-  nents will be renormalized by the factor 1/4kx). In terms of
ture were fitted to a polynomial type of function for the density, along the critical isotherm the behavior of all proper-
critical temperatures and critical pressures as a function ofties will be one-component-like at densitigsp| > +Ap1

composition (*—" for the p>pc and “+” for the p> pc) and the Fisher
dTe renormalization occurs dtAp| < +App [41]. At T <K T2,

Tc(x) = Tc(COp) + (—) X+ Tix? 4o, (9) the isochoric heat capacity behavior of a binary mixture will
dr /o be renormalized by a factor 1/d«) (Fisher renormaliza-

dPc ) tion[42]). In terms of density, along the critical isotherm the

Pc(x) = Pc(COy) + (E) X+ Pxt 4+, (10) behavior of isochoric heat capacity will be renormalized at
x=0 densities| Ap| < Apo. The values oKy, 71, Ko, 72, Apr,

whereTc(CO;) =304.136 K andPc(CO,) = 7.3773MPaare  andAp; calculated from Eqg1) to (6) for a CQ, + n-decane

the critical temperature and the critical pressure of pure car- mixture atx=0.2633 are:—2.985, 2.1, 1.133, 2.4 10"/,

bon dioxide. The quantity (@/d7T)Sy =0.1712 MPaK?, 2.35, and 1.4% 1P, respectively. The concentration depen-

which is the slope of the vapor pressure curve of the sol- dence off¢(X) is steep enough,ié /dx|x 0 =996.9+ 10K,

vent (carbon dioxide), was calculated with the vapor pres- therefore, the renormalization of the critical exponents can be

sure correlation of Span and Wagr{86]. Substitution of detected for this mixturd=zig. 12shows concentration depen-

these values of the derivatives into E() resulted in a  dence of the characteristic temperatures ¢2) and char-

Krichevski parameteKy, = —74.75+ 5 MPa.Fig. 11shows  acteristic density differences\p1, Ap,) for the CQ +n-

reported Krichevskii parameters for G®n-alkane mixtures ~ decane mixturex=0.2633 mole fraction of-decane). As

as a function of solute carbon number, together with our value one can see from this figure, the characteristic temperatures

for the CQ + n-decane mixture derived in this work. As this ~and densitiest, A p2) change very sharply with an increas-
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Fig. 12. Characteristic temperatures &éndz») and densities4 p1 andA p;) as a function of the concentrationmflecane. (—}2; (------ ) Apg; (=memememem )
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ing concentration ofi-decane, while the values of4 and
Ap1) change only very weakly. Values @b and Ap, are

for the CQ + n-decane mixture and for the pure components
along their respective critical isochores as a function otlog

very high for this composition. Therefore, measured in this As this figure shows, the slopes of the [Bgx — log T curves

work temperatures significantly lower tharrs (t « 72, €x-

for the mixtures are almost zero, while for the pure compo-

perimentally accessible temperature range). This is meansnents the slopes are both very close to the scaling value of

thatCyx behavior which diverge weakly for pure GQx=0)
with exponentx=0.12,Cy o ¢, will be renormalized by
the factor 1/(1- «), Cyx o« %/1=%)_ The isochoric heat ca-
pacity measurements for G@ n-decane mixtured=0.2633
mole fraction) reported in this work, along the critical iso-

0.112. This means that, when approaching the critical point
(r — 0) along the critical isochore, the singular or fluctuation
part of the heat capacityyx for the CQ +n-decane mixture

is zero Cyx ~ /=9, Therefore, isochoric heat capacity
of the CQ + n-decane mixturex=0.2633 mole fraction) at

chore, confirm Fisher renormalization of the critical exponent the critical point behaves without any singularity. The be-

for Cyx (seeFig. 13. Fig. 13shows experimental 10Qyvx

121

10r

havior of the isochoric heat capaci®yx at the critical point

C,, kJkg K"
(o))
/

L] n—C10H22 (Amirkhanov et al.[16])
a4l | © 00, uouagatoy etalita 1) o
X CO+n-CqoHz2 (x=0.095, Polikhronidi etal. [51])
= A COp+n-CqoHpa (x=0.2633, thiswork)
e
oF
O L 1 I 1 L 1 1 1 1 1 1 1 ]
-9 8 7 6 5 4 3 2 - 0

log (T/T,(x)-1)

Fig. 13. Isochoric heat capacities (I6gx ) of the CQ + n-decane mixture and their pure components as a function af dmgtheir critical isochores in the

asymptotic regions. The solid lines are guides for the eye.
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would be completely determined by the regular part (back- References
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